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A nickel phthalocyanine precursor bearing poly(ethylene glycol) as a
turn-on contrast agent for photoacoustic imaging was prepared. The
water-soluble polymeric chains were smoothly eliminated through
thiol-mediated reductive aromatization in cancer cells, enabling the
detection of endogenous biological thiols in vitro and in vivo.

Photoacoustic (PA) imaging has attracted attention as a reliable
method to visualize cancer tissues in vivo because of its advan-
tages, such as high spatial resolution, deeper tissue visualiza-
tion, and low invasiveness." Metallophthalocyanine (MPc) is a
photostable near-infrared (NIR)-absorbing dye and is consid-
ered one of the most promising photosensitizers for PA imaging
because of its high molar extinction coefficient and excellent
photothermal conversion efficiency.> Although MPc-containing
nanoparticles® and water-soluble MPcs* have been used for PA
cancer imaging, they generate PA signals as background noise
in normal tissues. Several ‘activatable’ contrast agents based on
MPc, which can enhance PA signal intensity in response to
tumour-specific biological compounds, have been developed to
visualize cancer tissue more clearly.” Despite the activatable
nature of such MPc agents, generating background PA signals
by unreacted MPcs still needs to be suppressed for efficient
imaging with high contrast. Therefore, a ‘turn-on’ PA photo-
sensitizer that generates PA signals only in cancer tissues is
ideal;® however, to our knowledge, there is no example of a turn-
on PA contrast agent based on MPc. Modified MPcs with two
alkoxy substituents at the o-position of pyrroles (ox-MPc) were
reported as thermally convertible MPc precursors (Fig. 1a).”
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Considering that the transformation of ox-MPc to MPc is a
formal reduction reaction, reductive aromatization is a more
suitable conversion method.® We envisioned that biological
thiols such as glutathione (GSH) overexpressed in many cancer
cell lines can be utilized for the reductive aromatization of ox-
MPcs under physiological conditions.’

Herein, we report the turn-on PA contrast agent ox-NiPc-PEG
consisting of ox-NiPc and water-soluble poly(ethylene glycol)
(PEG) (Fig. 1b). Because the introduction of two alkoxy groups
on the 18t aromatic core structure of NiPc causes a hypsochro-
mic shift in the absorption peak of 0x-NiPc-PEG, no PA signal is
generated under NIR pulsed laser irradiation for PA imaging.
The conversion of ox-NiPc-PEG to NiPc by GSH proceeded
under physiological conditions, resulting in strong PA signal
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Fig. 1 (a) Thermal conversion of ox-CuPc and (b) reductive-conversion of
ox-NiPc.
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Scheme 1 Synthesis of ox-NiPc-PEG.

generation. PA imaging using ox-NiPc-PEG enabled the detec-
tion of GSH in xenograft tumour-bearing mice.

The water-soluble NiPc precursor ox-NiPc-PEG was synthe-
sized from phthalonitrile in two steps via ox-NiPc-OH with two
hydroxy groups at the side chain terminal (Scheme 1). The
structure of ox-NiPc-OH was confirmed by X-ray crystallographic
analysis (Fig. 2). The crystal structure clarified that two hydro-
xyethoxy groups on the a-carbons of diagonal pyrrole extended
to the convex face of the significantly distorted NiPc macrocycle
having sp’-hybridized carbons.”*® The formation of the thermo-
dynamically less stable trans-isomer was not observed (Fig. S4
and Table S1, ESIt). ox-NiPc-OH with a distorted structure could
dissolve well in common organic solvents, such as toluene, THF,

Fig. 2 ORTEP drawing of ox-NiPc-OH (50% ellipsoids). Hydrogen atoms
and solvent molecules are omitted for clarity.
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acetone, CH,Cl,, and CHCI;. To enhance the water solubility of
ox-NiPc, ox-NiPc-PEG was synthesized from ox-NiPc-OH by con-
densation with PEG derivative PEG-COOH'" in 45% yield. ox-
NiPc-PEG dissolved in water at the concentration of 500 uM or
below (Fig. S3, ESIT).

Next, we examined the reactivity of ox-NiPcs with reductants.
The reaction of ox-NiPc-PEG with GSH in phosphate buffer
solution (PBS) at room temperature gave a blue solid. This solid
was identified as NiPc by MALDI-TOF mass spectrometry, IR
absorption spectrometry, and elemental analysis (Fig. S5, S6
and Table S2, ESIT). When ox-NiPc-OH was treated with GSH at
room temperature for 24 h, NiPc was obtained in 98% isolated
yield. The UV-vis absorption spectrum of an aqueous solution
of 0x-NiPc-PEG showed no absorption signals in the NIR region
because of the non-aromatic nature of the distorted NiPc core
(Fig. 3a, red line). After the reaction of ox-NiPc-PEG with GSH in
aqueous solution, a new absorption peak at 606 nm appeared
(Fig. 3a, blue line). The absorption of the Q band of NiPc, which
is generally observed at approximately 670 nm, was broadened
and blue-shifted, indicating that NiPc formed H-aggregates in
These results showed that ox-NiPc can be quantitatively
transformed to NiPc by reduction and utilized as a biological
thiol-responsive photosensitizing molecule under physiological
conditions.

Next, we examined the dependency of pH on the GSH-
mediated reduction of ox-NiPc-PEG. The conversion of ox-
NiPc-PEG to NiPc was accelerated in acidic PBS, and the
resulting NiPc aggregates generated strong PA signals under
NIR pulsed laser irradiation (Fig. 3b). This result suggests that
the protonation of the alkoxy groups attached to pyrrole o-
carbons is crucial in the reductive aromatization of ox-NiPc-
PEG.® A plausible reaction mechanism is shown in Fig. 3c.
Upon protonation, the alcohol is eliminated by a nucleophilic
attack of biological thiols on the sp*-hybridized carbon. The
subsequent nucleophilic attack of biological thiol to thioether
affords an 18w aromatic structure of the NiPc core together with
a disulfide and alcohols.

To evaluate the GSH-mediated turn-on of the PA signal, we
investigated the increase in the PA signal intensity of ox-NiPc-
PEG under various GSH concentrations (Fig. 4a). The PA signal
intensity was dependent on the GSH concentration. By contrast,
the PA signal intensity of ox-NiPc-PEG scarcely increased in the
absence of GSH. When ox-NiPc-PEG was treated with GSH at the
intracellular concentrations, the PA signal intensity was 4.9- and
6.3-fold higher than when treated with Cys and Hcy, respectively
(Fig. 4b). These results indicate that NiPc was produced more
effectively upon treatment with GSH at the intracellular concen-
tration. We confirmed that no 'O, was generated from NiPc, which
is produced from ox-NiPc-PEG under NIR photoirradiation."
Therefore, the oxidative stress to normal cells by 'O, is expected
to be avoidable during PA imaging using the NiPc precursor
(Fig. S7, EST¥).

Having confirmed that the reduction of ox-NiPc-PEG can be
monitored by the PA signal output, we next evaluated the PA
signal intensity of ox-NiPc-PEG in GSH-overexpressing human
lung cancer cell line A549." After incubation with ox-NiPc-PEG

water.'?
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(a) UV-vis absorption spectra of ox-NiPc-PEG (50 uM) in water before (red line) and after (blue line) GSH treatment. (b) Time-dependent PA signal

intensity change of ox-NiPc-PEG in PBS at various pH (blue: pH 8.0, green: pH 7.0, red: pH 5.8) under GSH treatment (1 mM). Excitation wavelength is
680 nm. (c) Plausible mechanism of biological thiol-mediated reductive aromatization.
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Fig. 4

(a) GSH concentration-dependent PA signal intensity of ox-NiPc-PEG (0.25 mM) in PBS (pH = 5.8) after 30 min. (b) PA signal intensity of ox-NiPc-

PEG after incubation with GSH (1.0 mM or 0.10 mM, red) or amino acids (0.10 mM, black) in PBS (pH = 5.8) for 1 h at 37 °C. (c) Time-dependent PA signal
intensity change during the incubation of A549 (red) and HEK293 (blue) with ox-NiPc-PEG (10 uM), and the incubation of A549 with ox-NiPc-PEG (10 uM)
after incubation with NEM (green). Excitation wavelength is 680 nm. Two-tailed Student’s t-test: **p < 0.01, ***p < 0.001.

(10 uM), the PA signal intensity was significantly increased in
A549 cells. After 4 h, the PA signal intensity in A549 cells was
4.6-fold stronger than that in the normal cell line HEK293
(Fig. 4c, red and blue). By a control experiment using
N-ethylmaleimide (NEM) as a trapping agent of biological thiols
in A549 cells, we confirmed that the increase in PA signal
intensity was due to the formation of NiPc (Fig. 4c, green). It
was confirmed that there was no cytotoxicity of ox-NiPc-PEG for
cancer cells and normal cells when the concentration of ox-
NiPc-PEG was less than 50 puM, using an MTT assay (Fig. S8,
ESIt). These results indicate that ox-NiPc-PEG is suitable for
use as a PA contrast agent to visualize the reductive environ-
ment of the tumour site in vivo.

Finally, we conducted PA imaging in living mice to verify the
applicability of ox-NiPc-PEG as a biological thiol-responsive PA

1474 | Chem. Commun., 2024, 60, 1472-1475

contrast agent in vivo (Fig. S9, ESIT). A549 cells were xenografted
into the right legs of nude mice to prepare tumour-bearing mice.
Eight prepared mice were divided into two groups for in vivo
experiments through intratumoral administration. For the first
group, saline (30 mL) was pre-treated at the tumour site in the
right leg and the normal muscle in the left leg. After 30 min pre-
treatment, ox-NiPc-PEG was administered intratumorally in the
right leg and subcutaneously in the left leg, respectively. For the
second group, a pre-treatment of NEM (2.0 mM in 30 pL saline)
was conducted in tumour sites before the intratumoral adminis-
tration of ox-NiPc-PEG. The PA tomography system was used to
obtain horizontal and vertical view images at the indicated time
points of post-injection of ox-NiPc-PEG (Fig. 5a), and the PA
signal intensities at the administration sites were evaluated
under NIR pulsed laser irradiation (Fig. 5b and Fig. S10-S12,

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) In vivo PA top-view images of administrated sites before and

0.5, 3, 6 hours after injection. (A549(+): tumor site, A549(—): normal muscle)
(b) normalized PA signal intensity at the tumor sites (red: NEM(—), green:
NEM(+)) and normal muscle (blue) at 0.5, 3, 6 h after intratumoral or
subcutaneously injection of ox-NiPc-PEG (sample size: n = 4). Excitation
wavelength is 680 nm. Two-tailed Student's t-test: *p < 0.05, **p < 0.01.

ESIt). After the injection of ox-NiPc-PEG, PA signal intensity in
the tumour site significantly increased in three hours (p < 0.05)
in good contrast to the non-tumour site, demonstrating its
sensitivity to distinguish tumour sites from normal muscle.
Furthermore, the NEM-pretreated tumours exhibited weak PA
signals before and after injection, suggesting that ox-NiPc-PEG
can selectively detect biological thiols in living mice.

In conclusion, we have developed a turn-on PA contrast
agent based on reductive aromatization for cancer imaging. A
water-soluble NiPc precursor ox-NiPc-PEG was converted to NiPc
by biological thiols, generating strong PA signals under NIR
pulsed laser irradiation. Because the biological thiol-mediated
transformation proceeded smoothly under acidic conditions,
the protonation of the alkoxy groups was considered to be
crucial in the reductive aromatization. The results obtained
in vitro and in vivo demonstrated that the increase in PA signal
intensity was mainly due to the reduction of ox-NiPc-PEG by
GSH overexpressed in cancer cells. Because biological thiol-
mediated reductive aromatization proceeds under mild physio-
logical conditions, it is suitable for constructing a m-conjugated
system of photosensitizer in vivo.
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